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Abstract—The adjustable capacity of a line-commutated-
converter High Voltage Direct Current (LCC-HVDC) connected
to a power system, called the LCC-HVDC maximum emergency
power capability or HVDC-MC for short, plays an important role
in determining the response of that system to a large disturbance.
However, it is a challenging task to obtain an accurate HVDC-
MC due to system model uncertainties as well as to contingencies.
To address this problem, this paper proposes to estimate the
HVDC-MC using a Thevenin equivalent (TE) of the system seen
at the HVDC terminal bus of connection with the power system,
whose parameters are estimated by processing positive-sequences
voltages and currents of local synchrophasor measurements. The
impacts of TE potential changes on the impedance estimation
under large disturbance have been extensively investigated and
an adaptive screening process of current measurements is de-
veloped to reduce the error of TE impedance estimation. The
uncertainties of phasor measurements have been further taken
into account by resorting to the total least square estimation
method. The limitations of the HVDC control characteristics, the
voltage dependent current order limit, the converter capacity and
the AC voltage on HVDC-MC estimation are also considered. The
simulations show that the proposed method can accurately track
the dynamics of the TE parameters and the real-time HVDC-MC
after the large disturbances.
Index Terms—Parameter estimation, HVDC, Emergency con-
trol, Thevenin equivalent, PMU.
I. INTRODUCTION
HVDC transmission technology has been widely used intoday’s power systems due to its capability of transmit-
ting large-capacity power over a long-distance, with less losses
as compared to the AC transmission technology [1]. According
to [2], LCC-HVDC projects still dominate the HVDC market
of high power and voltage ratings, which can be up to 8 ∼ 12
GW with voltages up to 800 ∼ 1100 kV . With the increased
penetration of distributed energy resources and the formation
of multi-HVDC systems, it is easy to cause tripping of large
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wind/solar farms or a continuous commutation failure of multi-
HVDC [3], [4]. These faults can lead to large power imbalance
in a short period, and subsequently the frequency or angle
instability [5], [6]. Compared with other emergency measures,
such as generator tripping and load shedding, HVDC emer-
gency power modulation has the advantages of fast control
without loss of components, so it is a good candidate for
emergency control [7]. To achieve the control goal, an accurate
estimation of the maximum emergency power capability of
the HVDC must be determined first. Otherwise, the control
may not be sufficient for maintaining system stability [8].
To address this problem, this paper develops a synchrophasor
measurements-based method for the HVDC-MC estimation.
In the literature, the main HVDC emergency control strate-
gies are derived from off-line planning/simulations, where the
strategy table is formed based on the model and the expected
fault set. In this way, when the emergent fault is detected in
the off-line strategy table, the corresponding scheme can be
adopted for the emergency control [9], [10]. However, with
the integration of more and more inverter-based distributed
energy resources and flexible loads, it becomes a challenge
to obtain accurate system models and parameters. Therefore,
the simulated case may not match reality [11]. In addition,
there are many combinations of faults and the investigations
of all of them are not very realistic. As a result, the off-line
planning strategy may miss several scenarios, especially the
low-probability but high-risk cascading faults, which may lead
to instability or even blackouts [12]. Furthermore, the planning
strategy is typically derived for N-1 security criterion and
for the worst estimated scenario, which may be too conser-
vative in some scenarios [13]. In summary, the emergency
control strategy based on the off-line planning/simulations
is not adaptive to the varying operation conditions, which
could result in excessive or deficient actions. Thanks to the
widespread development of phasor measurement units (PMU)
[14], [15], the real-time monitoring of HVDC-MC becomes
possible. Note that the HVDC-MC is affected by the voltage
support capability of the AC system. If the latter is weak,
the increase of the DC current will cause both AC and DC
voltages to a significant drop, which will limit the HVDC
power outputs [16], [17]. To quantify the system’s voltage
support capability, a measurement-based Thevenin equivalent
(TE) can be developed. By using the PMU measurements,
the TE parameters of the AC system can be tracked and
therefore the HVDC-MC can be estimated considering the
ar
X
iv
:2
00
6.
11
49
3v
1 
 [e
es
s.S
Y]
  2
0 J
un
 20
20
IEEE TRANSACTIONS ON POWER SYSTEMS, 2019 2
AC/DC model and operational constraints.
The TE parameters can be obtained based on the the
concrete power grid topology [18]. However, the reliance on
the whole network information increases the difficulty of real-
time application. To this end, the methods based on local
measurements have been proposed. In [19], the least squares
method was used to estimate the potential and impedance
based on voltage and current measurements. This approach
was further enhanced to track the change of the TE parameters
utilizing a time window or the recursive least squares with a
forgetting factor [20]–[22]. In [23], a robust recursive least
squares estimation method was proposed to handle the gross
errors in the voltage measurements. In [24], the second-order
cone programming technique was used to address uncertainties
in the current measurements. These methods assume that the
magnitude and phase angle of TE potential in the observation
window are unchanged. In [25], the influence of system side
change on the estimation of TE parameters was investigated
and a method was proposed that can handle phase angle shift.
However, it cannot deal with the variation of TE potential
magnitude. In addition, all the above methods are used for
the static voltage analysis assuming continuous load increase.
To the best of our knowledge, TE estimation with large
disturbances is still an open problem. Specifically, after a large
disturbance, the load will initially have a large voltage and
current change, but will gradually return to a stable state.
When the system is stabilized again, the TE parameters are
not observable because the measurements are invariant. That
means not all measurements can be used. Furthermore, both
the magnitude and the phase angle of the TE potential are
changing, and the change is typically larger than that of static
voltage analysis scenarios without large disturbances. So the
effect of potential change on the TE estimation should be fully
taken into account.
To address the aforementioned issues, this paper proposes
a synchrophasor measurements-driven estimation method that
is able to track TE parameters in the presence of large distur-
bance and yield an accurate HVDC-MC. A sensitivity analysis
is first carried out to assess the error of the TE impedance
estimation caused by the system potential variations. Based
on the system dynamic regulation characteristics, the upper
bound of the TE potential variation in the presence of large
disturbance can be determined. This allows us to develop
adaptive measurement screening strategy for enhancing the
observability of TE parameters. To filter out the synchrophasor
measurement noise, the total least squares (TLS) method is
used. To this end, the HVDC-MC estimation considering
various regulation and operational constraints can be obtained
to inform emergency control. The developed robust TE esti-
mation method is general and not restricted to LCC-HVDC
system.
The rest of the paper is organized as follows. In Section
II, the equivalent model of the AC/DC hybrid system and
the constraints for HVDC-MC are introduced. In Section III,
the TE estimation method considering the variation of TE
potential is proposed. In Section IV, the threshold for selecting
current measurements is derived and the detailed algorithm is
presented. Numerical results are conducted and analyzed in
Section V. Finally, Section VI concludes the paper.
II. AC/DC HYBRID SYSTEM MODELING
Fig. 1 displays the equivalent structure of an AC/DC hy-
brid system power system. The main variables include the
equivalent voltage E∠0 and the reactance X (ignoring the
resistance), the voltage Ed∠δ of the AC buses at the converter
station, the active power Pa and the reactive power Qa of
the AC line flowing into or out of the converter station,
the reactance Xc of the reactive power compensator that
corresponds to the reactive power injection Qac, the DC
voltage Vd, the DC current Id, and the DC line resistance
Rd. The subscript r and i represent the rectifier and inverter,
respectively.
A. The AC System Model
Power flow equations of the AC system are as follows:
Par =
ErEdr
Xr
sin δr, Qar =
ErEdr cos δr − E2dr
Xr
, (1)
Pai =
EiEdi
Xi
sin δi, Qai =
E2di − EiEdi cos δi
Xi
, (2)
Qacr =
E2dr
Xcr
, Qaci =
E2di
Xci
. (3)
According to the above equations, an upper voltage solution
can be obtained as follows:
E2dr =
(
E2r − 2QarXr
)
+
√
Mr
2
, (4)
E2di =
(
E2i + 2QaiXi
)
+
√
Mi
2
, (5)
where Mr =
(
E2r − 2QarXr
)2 − 4X2ar (P 2ar +Q2ar),
Mi =
(
E2i + 2QaiXi
)2 − 4X2ai (P 2ai +Q2ai).
Fig. 1. Equivalent structure of the AC/DC system. It consists of two generators connected via a HVDC link
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B. The DC System Model
The DC system can be represented by the following equa-
tions [26]:
Vdor = 1.35BrNrEdr, Vdoi = 1.35BiNiEdi, (6)
Vdr =
(
Rd − 3
pi
BiXdi
)
Id + Vdoi cos γ, (7)
Vdi = Vdoi cos γ − 3
pi
BiXdiId, (8)
cosα =
3
piBrXdrId + Vdr
Vdor
, (9)
Pdr = VdrId, cosϕr = Vdr/Vdor, Qdr = Pdr tanϕr, (10)
Pdi = VdiId, cosϕi = Vdi/Vdoi, Qdi = Pdi tanϕi, (11)
where Vdo is the ideal no-load direct voltage, B is the number
of bridges in series, N is the transformer ratio, Xd is the
commutation reactance, γ is the extinction angle, and α is the
ignition angle, Pd is active power , Qd is reactive power and
ϕ is the power factor angle.
C. Constraints of HVDC-MC
The constraints of the control mode, VDCOL, the converter
capacity and the AC voltage are presented below.
1) Control Mode Constraint: in general, the rectifier has
two main control modes, namely the constant current (CC) and
the constant ignition angle (CIA). The inverter has the modes
of constant current (CC), constant extinction angle (CEA)
(or constant voltage) and current deviation (CD). According
to the CIGRE HVDC benchmark system [27], the following
constraints in each mode are presented:
a) CC-CEA:
α ≥ αmin, γ = γmin, Id = Iord, (12)
b) CIA-CD:
α = αmin, γ = γmin + ∆γ, Id = Iord −∆Id, (13)
c) CIA-CC:
α = αmin, Id = Iord − Im, (14)
where αmin is the minimum ignition angle, γmin is the
minimum extinction angle, Iord is the current order, the
relationship between the current deviation ∆Id and ∆γ is
shown in Fig. 2(a) and IdN is the rated current, Im is the
current margin between the rectifier and inverter, generally 0.1
IdN . Under normal operation, the rectifier controls the direct
current with the CC mode while the inverter controls direct
voltage with the CEA mode. As the power increase, the HVDC
may operate in CIA-CD or CIA-CC. Since there exists the
current deviation in the latter mode, the actual power cannot
reach the power order. Note that in some practical projects, in
order to compensate for the deviation caused by the control
mode shift, the current margin compensation link is added.
However, due to the large time constant of the link, it cannot
rapidly increase the power outputs and thus it does not help
much. So this paper considers CC-CEA as the main control
mode during emergency power increase.
(a) CD characteristic. (b) U-I curve of VDCOL
Fig. 2. HVDC control characteristic curve
2) Voltage Dependent Current Order Limit (VDCOL) Con-
straint: VDCOL can reduce the maximum allowable direct
current when the voltage drops below a predetermined value.
The current limitation IV D is shown in Fig. 2(b) and (15).
VDCOL can be found in the rectifier and the inverter, and a
certain current margin is maintained on each side.
IV D =

I2 + k2(Vd − V2) Vd ≥ V2
I1 + k1(Vd − V1) V1 < Vd < V2
I1 Vd ≤ V1
. (15)
3) Converter Capacity Constraint: the converter current
constraint IRA is given by
IRA =
{
1.3 ∼ 1.5IdN t ≤ 3s
1.05 ∼ 1.1IdN t > 3s
. (16)
where t is the time. Adding the AC voltage constraints of
Emin and Emax, all the constraints during the power increase
in CC-CEA mode are summarized as follows:
α ≥ αmin
Id ≤ IV D
Id ≤ IRA
Emin ≤ Ed ≤ Emax
. (17)
Using the AC/DC model and the constraints above, we
can calculate the HVDC-MC. It should be noted that the
constraints can be modified according to the actual situation.
III. TE ESTIMATION OF AC SYSTEM
According to the AC and DC models shown in the last
section, we know that the TE parameters of the AC system
should be obtained first so as to calculate HVDC-MC. In
this section, a synchrophasor-measurement-based method is
proposed to achieve that goal.
A. Error Analysis of Impedance Estimation
The impact of the potential change on the impedance
estimation is analyzed here. Fig. 3 depicts a schematic diagram
of the connection between the converter and the AC system.
~E is the TE potential, ~Z is the TE impedance, ~V is the bus
voltage and ~I is the current. Then we have
~E − ~I · ~Z = ~V . (18)
IEEE TRANSACTIONS ON POWER SYSTEMS, 2019 4
Fig. 3. TE seen from the HVDC terminal bus
which can be further rewritten into the rectangular form as
follows:
(
1 0
0 1
−IR II
−II −IR
)
ER
EI
R
X
 = (VRVI
)
. (19)
If two PMU samples are used, the following equation can
be derived:
− ~dI · ~Z = ~dV − ~dE, (20)
where ~dI , ~dV and ~dE represent the variations of current,
voltage and TE potential at two samples, respectively. They
can be further organized into the following form:(−dIR
−dII
dII
−dIR
)(
R
X
)
=
(
dVR
dVI
)
−
(
dER
dEI
)
. (21)
From (21), X and R can be derived as follows:
X =
dVRdII − dVIdIR
dIRdIR + dIIdII
− dERdII − dEIdIR
dIRdIR + dIIdII
, (22)
R = −dVRdIR + dIIdVI
dIRdIR + dIIdII
+
dERdIR + dIIdEI
dIRdIR + dIIdII
. (23)
They can be further written as
X =
∣∣ ~dV × ~dI∣∣/∣∣ ~dI∣∣2 − ∣∣ ~dE × ~dI∣∣/∣∣ ~dI∣∣2, (24)
R = −∣∣ ~dV · ~dI∣∣/∣∣ ~dI∣∣2 + ∣∣ ~dE · ~dI∣∣/∣∣ ~dI∣∣2. (25)
The first term of (24) and (25) can be calculated with
PMU measurements. Because ~dE is unknown, the second term
cannot be obtained. If the first term is used as the estimated
value, the estimation error of X and R are given by
erX =
∣∣ ~dE × ~dI∣∣/∣∣ ~dI∣∣2 = ∣∣ ~dE∣∣∣∣sin θEI ∣∣/∣∣ ~dI∣∣, (26)
erR = −
∣∣ ~dE · ~dI∣∣/∣∣ ~dI∣∣2 = −∣∣ ~dE∣∣∣∣cos θEI ∣∣/∣∣ ~dI∣∣, (27)
where θEI is the angle between ~dE and ~dI . Because∣∣sin θEI ∣∣ < 1 and ∣∣cos θEI ∣∣ < 1, we know∣∣erX ∣∣ < ∣∣ ~dE∣∣/∣∣ ~dI∣∣, ∣∣erR∣∣ < ∣∣ ~dE∣∣/∣∣ ~dI∣∣. (28)
To make sure the estimation error is acceptable,
∣∣ ~dE∣∣/∣∣ ~dI∣∣
should be less than a certain value. To this end,
∣∣ ~dE∣∣ should
be small enough. This means that the sampling time interval
should be as short as possible. Meanwhile, the measurements
with little or no change in the currents must be screened out,
otherwise the error would be very large. Furthermore, the
current variation needs to be large enough so as to reduce the
error caused by TE potential variation. The screening threshold
of
∣∣ ~dI∣∣ will be elaborated in Section IV.
B. Parameter Estimation Using Total Least Squares
The error of impedance estimation caused by potential
change can be significantly reduced by fast sampling and
selecting the measurements with larger
∣∣ ~dI∣∣. Considering
model uncertainty and measurements noise, (20) can be written
as
−
(
~dI − ~ε
)
· ~Z + ~η = ~dV , (29)
where ~ε represents the measurement error of current. The error
of ~Z caused by ~dE and the measurement error of the voltage
are expressed in ~η. Due to the existence of model uncertainty
and measurement noise, the least square method will lead to
biased estimation results. To mitigate that, the TLS estimation
is advocated in [28].
Assume that ~ε and ~η obey the Gaussian distribution. By
using the selected measurements in the time window of k
intervals, we have the following equation at time n:
−

dIn−k+1 − ~εn−k+1
dIn−k+2 − ~εn−k+2
...
dIn − ~εn

(
R
X
)
+

~ηn−k+1
~ηn−k+2
...
~ηn
 =

dV n−k+1
dV n−k+2
...
dV n

(30)
where dIn =
(
dIRn
dIIn
−dIIn
dIRn
)
, dV n =
(
dVRn
dVIn
)
. Define the
following two matrices:
A = −

dIn−k+1
dIn−k+2
...
dIn
 , B =

dV n−k+1
dV n−k+2
...
dV n
 . (31)
The TE impedance can be estimated by applying the singu-
lar value decomposition (SVD) as follows:
(
A B
)
= CΛUT , (32)
where the columns of C and U are the left and right singular
vectors, respectively. Then, the SVD computes only the first
3 columns of C via
(
A B
)
=
(
C1 C2
)
Σ
(
U11 U12
U21 U22
)T
, (33)
where C1 ∈ R2k×2, C2 ∈ R2k×1, Σ ∈ R3×3, U11 ∈ R2×2,
U22 ∈ R1. Finally, the estimated values are shown in (34),
followed by the calculation of TE potential via (18).
ˆ(R
X
)
= −U12U−122 . (34)
IV. ALGORITHM OF HVDC-MC ESTIMATION
This section develops an adaptive measurements selection
method for
∣∣ ~dI∣∣ to enhance TE parameters observability and
the detailed algorithm implementation of HVDC-MC is also
provided.
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A. Proposed Measurements Selection Method
Based on section III-A, the measurements with small
∣∣ ~dI∣∣
should be screened out. To achieve that, a measurements
selection method is proposed by analyzing the characteristics
of
∣∣ ~dI∣∣. The term ∣∣ ~dI∣∣ after the large disturbance is analyzed
to be divided into two main parts. One part is caused by the
change of equivalent impedance of HVDC while the other
part is caused by
∣∣ ~dE∣∣. It should be noted that the excitation
system, the angle oscillation and voltage regulators will affect
the potential
∣∣ ~dE∣∣. Because the time constant of the angle
oscillation is larger than HVDC,
∣∣ ~dI∣∣ will be dominated by∣∣ ~dE∣∣ after a certain time. At this time, ∣∣ ~dI∣∣ is smaller, so
the error term
∣∣ ~dE∣∣/∣∣ ~dI∣∣ will become large or uncertain.
As a result, all the measurements related to that should be
screened out. Assume that when the HVDC returns into
stable condition, the equivalent impedance ~Zd of the HVDC
approximately remains unchanged. Then
∣∣ ~dI∣∣ caused by ∣∣ ~dE∣∣
is expressed as
∣∣ ~dI∣∣ = ∣∣ ~dE∣∣∣∣~Z + ~Zd∣∣ =
∣∣ ~dE∣∣∣∣ ~E∣∣ ∣∣~I∣∣ ≤
∣∣ ~dE∣∣
max∣∣ ~E∣∣
min
∣∣~I∣∣, (35)
where
∣∣ ~dE∣∣
max
denotes the upper bound of
∣∣ ~dE∣∣ and ∣∣ ~E∣∣
min
denotes the lower bound of
∣∣ ~E∣∣. If we select measurements
that satisfy ∣∣ ~dI∣∣ > ∣∣ ~dE∣∣max∣∣ ~E∣∣
min
∣∣~I∣∣, (36)
the estimated values with the large or uncertainty errors can
be first screened out. Then we can appropriately choose larger∣∣ ~dI∣∣ to further reduce the error.
From (36),
∣∣ ~dE∣∣
max
and
∣∣ ~E∣∣
min
are the key values to derive
the threshold. The latter can be obtained by substituting the
possible values of TE reactance (neglecting the resistance) into
(18), where ~I and ~V can be measured from PMUs. After
the fault, the TE reactance typically does not decrease, so
the minimum reactance can be set as the value when the
network is fully connected. The maximum TE reactance can
be determined by the worst topology case, for example in the
presence of disconnecting several major lines. To simplify the
derivation, this paper assumes
∣∣ ~E∣∣
min
as 0.5 p.u., which is
typically a conservative lower bound of
∣∣ ~E∣∣.
For
∣∣ ~dE∣∣
max
, this paper mainly considers the influence of
excitation system. We first analyze the maximum change of
the potential of a single generator and then deduce the case
of a multi-machine system. Specifically, under the no-load
condition of the generator, the q-axis transient potential E′q
can be expressed as [29]:
Tff
dEqe
dt
+ Eqe = Uff , Td0′
dE′q
dt
+ E′q = Eqe, (37)
where Tff is the exciter time constant, Eqe is the no-load
potential, Uff is input voltage of the exciter generator, Td0′
is d-axis transient open-circuit time constant. Considering the
maximum change of the generator internal potential, the input
voltage variation of the exciter generator reaches the maximum
value ∆Umax instantly after the large disturbance, yielding
∆E′q(t) = ∆Umax
(
1 +
e−t/Tff
Td0′/Tff − 1 +
e−t/Td0′
Tff/Td0′ − 1
)
,
(38)
where ∆E′q(t) denotes the incremental form. The maximum
variation of E′q is given by
dE′qmax =
d∆E′q(t)
dt
∣∣∣∣
t=t0
, t0 =
Td0′Tff
Td0′ − Tff ln
Td0′
Tff
. (39)
For example, if Tff = 0.53 s, Td0′ = 5 s, ∆Umax =
10 p.u., which is the maximum possible value according to
the common excitation model parameters [26], so dE′qmax =
1.512 p.u./s. During the sampling interval of 10 ms, the
maximum change of E′q is 0.01512 p.u. for a single generator.
Fig. 4. Equivalent circuit of multi-machine with network reduction
We have found the maximum potential change correspond-
ing to a single generator. Next, we analyze how the potential
change of a single generator affects the TE potential. For
multi-machine system, the equivalent circuit that is reduced
to generators and HVDC can be described by Fig. 4. The TE
potential ~E is the voltage of the converter station when HVDC
is operating as an open-circuit. Based on the Kirchhoff law,
we have
~E( ~Y0 +
m∑
i=1
~Yi)−
m∑
i=1
~EGi ~Yi = 0 , (40)
where ~EGi is the generator potential, m is the number of gen-
erators, ~Yi(Gi+ jBi) is the branch admittance, ~Y0(G0 + jB0)
is the transfer admittance to ground at the HVDC terminal.
Neglecting the transfer conductivity Gi of the branch and the
susceptance B0 to ground, we get the following incremental
form:
~dE(G0 +
m∑
i=1
jBi) =
m∑
i=1
~dEGijBi, (41)
yielding
∣∣ ~dE∣∣ =
∣∣ m∑
i=1
~dEGijBi
∣∣
∣∣G0 + m∑
i=1
jBi
∣∣ ≤
m∑
i=1
∣∣ ~dEGi∣∣∣∣Bi∣∣
m∑
i=1
∣∣Bi∣∣ . (42)
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TABLE I
HVDC-MC ESTIMATION ALGORITHM
initialize: k = 20, λ=0.8, A=null, B=null, Id, ∆Id, γ=γmin, Edr0, Edi0, µ=10−4
for n = 2, ...
1 Obtain VRn, VIn, IRn , IIn, Idn. (n starts from 1)
2 dVRn=VRn-VRn−1, dVIn=VIn-VIn−1, dIRn=IRn-IRn−1, dIIn=IIn-IIn−1
3 if
∣∣d~In∣∣ > 0.1 ∼ 0.2∣∣~In∣∣, then.
4 n0 = n, σ = 0.1 ∼ 0.2
∣∣~In∣∣ (1− λn−n0) .
5 end if
6 if
∣∣d~In∣∣ > σ , 0.5p.u. < ∣∣ ~E∣∣ < 1.5p.u. , X > 0 and R > 0, then
7 A =
 A−dIRn
−dIIn
dIIn
−dIRn
 andB =
 BdVRn
dVIn
.Keep the data only from n− k + 1 to n. Find the SVD of (A B) and(Rn
Xn
)
= −U12U−122 .
8 else
9 ~Zn = ~Zn−1.
10 end if
11 ~En = ~In ~Zn + ~Vn.
12 for Id = Id + ∆Id.
13 d = 1.
14 while d > µ.
15 Edr = Edr0, Edi = Edi0. Calculate Pdr , Qdr , Pdi, Qdi, Qacr and Qaci by (6)-(11) and (3).
16 Par = Pr, Qar = Qr −Qcr, Pai = Pi, Qai = Qci −Qi. Calculate Edr and Edi by (4) and (5).
17 d = (Edr − Edr0)2 + (Edi − Edi0)2, Edr0 = Edr , Edi0 = Edi.
18 end while
19 if Pdr or Pdi is smaller than the value in the last iteration, or the variables of (17) exceeds the constraints, then break
20 end if
21 end for
22 HVDC-MCn= Pdr or Pdi
The response rate of the potential under the load is lower
than that under the no-load condition [29]. Then we have∣∣ ~dEGi∣∣ ≤ dE′qmax ,which results in
∣∣ ~dE∣∣ ≤
m∑
i=1
∣∣ ~dEGi∣∣∣∣Bi∣∣
m∑
i=1
∣∣Bi∣∣ ≤
dE′qmax
m∑
i=1
∣∣Bi∣∣
m∑
i=1
∣∣Bi∣∣ = dE′qmax.
(43)
Based on the above deviation, it can be concluded that the
variation of the TE potential will not be larger than that of
the generator with the greatest voltage change in the system.
Therefore, dE′qmax can be used as the upper bound of
~|dE|.
(Note that if there are other dynamic regulators in the vicinity
of the HVDC, we should consider the fastest regulator.) Then,
substituting
∣∣ ~dE∣∣
max
= 0.01512 p.u. and
∣∣ ~E∣∣
min
= 0.5 p.u. into
(36), yields the threshold∣∣ ~dI∣∣ > 0.03024∣∣~I∣∣. (44)
In order to obtain smaller estimation error, the threshold in
(44) can be appropriately increased. However, if the threshold
is too large, it can lead to low measurement redundancy. The
simulation results show that the threshold 0.1
∣∣~I∣∣ ∼ 0.2∣∣~I∣∣
works well for different operating conditions.
Considering that the change in the potential becomes
smaller in the consequent period, the threshold can be reduced
appropriately so as to enlarge the sampling interval for more
measurement redundancy. This enables us to better handle the
measurement error and model uncertainties. In this paper, the
following adaptive threshold function is developed:
σ = 0.1 ∼ 0.2∣∣~In∣∣ (1− λn−n0) , (45)
where λ < 1, n is the sampling time, n0 is the initial triggering
time. When
∣∣d~In∣∣ > 0.1 ∼ 0.2∣∣~In∣∣, the threshold function is
used to select the qualified measurements. The closer λ is
to 1, the slower the function transition is. λ can be adjusted
according to the HVDC response speed.
B. Algorithm Implementation
The detailed steps to implement the proposed HVDC-MC
estimation algorithm are displayed in Table I. In step 1, the
voltage and current measurements from PMU are obtained,
followed by the variation calculations of voltage and currents.
Steps 3-5 implement the proposed screening strategy for the
current measurements. From steps 6-11, the TE impedance is
estimated by TLS, followed by the calculation of TE potential.
In step 6, ~E, X and R can be solved by (19) at time n − 1
and n. The limitations can be adjusted based on the actual
condition. From steps 12-22, the power flow algorithm for
AC-DC hybrid systems is performed and the HVDC-MC is
estimated considering all constraints.
V. NUMERICAL RESULTS
A tutorial example on a two-bus system connected by
an HVDC will be first used to discuss the constraints of
HVDC-MC. Then, the larger-scale IEEE 39-bus system is
utilized to evaluate the estimation of TE and HVDC-MC. An
application for multi-DC coordinated control is also presented
based on HVDC-MC estimation results as a use case. All
the simulations are carried out on the software PSD-BPA.
The HVDC control model is based on the CIGRE HVDC
benchmark system [27]. The system frequency is 50 Hz and
the base MVA is 1000 MVA; the AC voltage base is 345 kV ;
the nominal DC voltage and current are 500 kV and 2 kA,
respectively; αmin = 5◦, γmin = 17◦, Emin= 0.9 p.u., B = 2,
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Rd = 5.79 Ω, Xdr = 8.3201 Ω, Xdi = 7.1949 Ω. For VDCOL,
V1 = 0.4 p.u., V2 = 0.9 p.u., I1 = 0.55 p.u., I2 = 1 p.u., k1 =
0.9, k2 = 1, Vd is the DC voltage at the middle of the DC line.
This paper assumes that HVDC has a long term overloading
capacity of 1.3 times. In the steady-state condition, the HVDC
rectifier will adjust the initial ignition angle to 15◦ through the
transformer tap.
A. Case 1: Two-Bus System Connected by HVDC
We first carry out simulations on the system shown in Fig.
1 to investigate the HVDC-MC under different constraints.
Here, Er = Ei = 1 p.u. and Qacr = Qaci = 300 Mvar at the
rated voltage. The initial HVDC power is 600 MW . Table
II displays the estimation results of HVDC-MCs at different
system strengths, i.e., 861.8 MW , 958.3 MW and 758.8
MW that are limited by αmin, IV D and Emin, respectively.
Compared with the simulation results, the errors are 0.47 % ,
0.17 % and 0.04 %, respectively.
TABLE II
HVDC-MC UNDER DIFFERENT SYSTEM STRENGTHS
Parameter Example 1 Example 2 Example 3
Xr 0.2 p.u. 0.1 p.u. 0.1 p.u.
Xi 0.01 p.u. 0.2 p.u. 0.4 p.u.
Nr 0.5738 0.5732 0.5738
Ni 0.5718 0.5718 0.5765
Constraint αmin IVD Emin
Proposed method 861.8 MW 937.9 MW 758.8 MW
Simulation 857.8 MW 936.3 MW 756.5 MW
Error 0.47 % 0.17 % 0.04 %
Fig. 5 shows the curves of the ignition angle, extinction
angle, AC/DC voltage and DC current with the increase of
DC power in Example 1. It can be seen from Fig. 5(b), (c)
and (d) that the ignition angle reaches the constraint during
the power growth while there are margins for IV D, IRA and
Emin.
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Fig. 5. HVDC-MC using proposed method. (a) Active power of HVDC; (b)
Ignition angle and extinction angle; (c) AC/DC voltage magnitudes; (d) DC
current.
Fig. 6 shows the dynamic curves of the DC power, regu-
lation angle, AC/DC voltage and DC current from the sim-
ulations. It can be found that HVDC increases the power to
857.8 MW in 1 s. The comparison results of the proposed
method with the simulation results are demonstrated in Table
III, where the error is between −0.18% and 0.47%. In this
case, the algorithm can accurately calculate the HVDC-MC
under various constraints with the known system parameters.
Next, we will use the local measurements to estimate the TE
parameters and HVDC-MC.
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Fig. 6. HVDC-MC with constraint αmin. (a) Active power of HVDC; (b)
Ignition angle and extinction angle; (c) AC/DC voltage magnitudes; (d) DC
current.
TABLE III
COMPARISON BETWEEN THE PROPOSED METHOD AND SIMULATION
Parameter Proposed method Simulation Error
Pdr 861.8 MW 857.8 MW 0.47%
Pdi 844.3 MW 840.8 MW 0.42%
α 5.005◦ 5◦ 0.10%
γ 17◦ 17.03◦ -0.18%
Edr 338.7 kV 338.7 kV 0.00%
Edi 344.7 kV 344.5 kV 0.06%
Vdr 495.3 kV 494.8 kV 0.10%
Vdi 485.2 kV 484.8 kV 0.08%
Id 1.74 kA 1.734 kA 0.35%
Fig. 7. One-line diagram of IEEE-39 system with three HVDCs
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B. Case 2: IEEE 39-bus System with HVDCs
Three HVDCs are added to the IEEE-39 system. They are
connected to Bus 10, Bus 30 and Bus 23, respectively, and
the schematic of the system is displayed in Fig. 7. The sub-
transient model with the excitation system is assumed for
all the generators [10]. The kinetic energy of generator 39
is changed to 5000 MW ·s. The frequency coefficient of the
governor is 0.05 and the dead-band is 0.2 Hz. The HVDC
parameters are shown in Table IV.
TABLE IV
THE SYSTEM DATA
Parameter DC 1 DC 2 DC 3
Pdr 600 MW 400 MW 500 MW
Er 1 p.u. 1 p.u. 1 p.u.
Xr 0.1 p.u. 0.3 p.u. 0.1 p.u.
Nr 0.5767 0.5668 0.5784
Ni 0.5596 0.5423 0.5540
Qacr 260 Mvar 200 Mvar 200 Mvar
Qaci 300 Mvar 200 Mvar 200 Mvar
Qac is the capacity at rated voltage.
1) HVDC-MC Estimation Neglecting AC System Dynamics:
we first use the classic model for generators with the constant
voltage behind transient reactance and the infinity inertia.
Increasing the HVDC power continuously, the TE impedance
can be calculated by using any two different operating points,
yielding the true value 0.235 p.u.. Then we further consider the
disturbance case. A three-phase short-circuit fault is applied
to the AC line 10-13 at 0.2 s, and the fault is cleared at 0.28
s. HVDC starts to recover power at 0.53 s. The curves of the
threshold function (45) and
∣∣ ~dIn∣∣ are shown in Fig. 8(a). The
measurements that are larger than the threshold are selected.
Then, the equivalent reactance is identified as 0.2317 p.u. at
0.55 s as shown in Fig. 8(b).
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Fig. 8. TE estimation neglecting AC system dynamics. (a) Threshold function
screening; (b) TE reactance estimation.
TLS and the recursive least square (RLS) are common
methods of tracking parameter changes. The window-based
TLS method uses a moving measurements window to estimate
the parameters, which requires that the parameters in the
window are constant. Moreover, the measurements in the
window should ensure the observability. In this case, TE
parameters are constant after the fault by neglecting AC system
dynamics. However, we can see from Fig. 8(a) that there is
only a transient current change. After that, the measurements
are invariant, which leads to the scenario that the parameters
are not observable. Therefore, the window-based TLS leads
to the incorrect estimation results. The RLS method requires
an appropriate initial value and the parameters for estimation
should also be constants. Fig. 8(b) shows that RLS cannot
accurately estimate the parameters if the provided initial value
is not correct.
Based on the estimated TE parameters, Fig. 9 (a) shows the
real-time HVDC-MC is 922.9 MW . Figs. 9 (b), 9 (c) and 9
(d) are respectively the ignition angle, the voltage and the DC
current corresponding to the maximum power. We can observe
that the VDCOL limits the DC current Id.
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Fig. 9. HVDC-MC neglecting AC system dynamics using proposed method.
(a) Active power of HVDC; (b) Ignition angle and extinction angle; (c) AC/DC
voltage magnitudes; (d) DC current.
To verify above results, the power order of 1000 MW is
provided to the HVDC in 1 s. Fig. 10(a) shows the simulated
HVDC power and it can be found that the power of HVDC
only increases to 954.8 MW in 1.2 s. From Fig. 10(d), it can
be observed that due to the DC current limitation by VDCOL,
the DC current can no longer increase. Fig. 10(b) and Fig.
10(c) display the ignition/extinction angle and AC/DC voltage
magnitudes, which do not reach the limits.
0 1 2 3 4 5
t / s
0
500
1000
P d
/ M
W Pdr
Pdi
0 1 2 3 4 5
t / s
0
10
20
30
40
50
An
gl
e 
/ °
α
γ
αmin
0 1 2 3 4 5
t / s
300
350
400
450
500
Vo
lta
ge
/k
V
Edr
Edi
Vdr
Vdi
Emin
0 1 2 3 4 5
t / s
0
1
2
3
4
D
C
 C
ur
re
nt
 / 
kA
Id
IVD
IRA
(a) (b)
(d)(c)
Fig. 10. HVDC-MC neglecting AC system dynamics from the simulation. (a)
Active power of HVDC; (b) Ignition angle and extinction angle; (c) AC/DC
voltage magnitudes; (d) DC current.
Table V shows the detailed comparison results between
the proposed method and the simulations. Except for the
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large variations of the ignition angle, other variables are in
a reasonable range.
TABLE V
COMPARISON BETWEEN THE PROPOSED METHOD AND SIMULATION
Parameter Proposed method Simulation Error
Pdr 922.9 MW 954.9 MW -3.35%
Pdi 899.4 MW 930.7 MW -3.36%
α 19.65◦ 16.66◦ 17.95%
γ 17◦ 17◦ 0.00%
Edr 334.4 kV 335 kV -0.18%
Edi 328.3 kV 334.6 kV -1.88%
Vdr 458.6 kV 467 kV -1.80%
Vdi 446.9 kV 455.2 kV -1.82%
Id 2.011 kA 2.045 kA -1.66%
2) HVDC-MC Estimation Considering AC System Dynam-
ics: the impacts of AC system dynamics are considered for
HVDC-MC estimation. The fault condition is the same as
previous section and the curves of the threshold function and∣∣ ~dIn∣∣ are displayed in Fig. 11(a). The equivalent reactance is
identified as 0.2221 p.u. at 0.55 s as shown in Fig. 11(b). In
this case, the TE potential after the fault is not constant due
to AC system dynamics. Fig. 11(b) shows that RLS cannot
accurately estimate the parameters even there is a correct
initial value. This demonstrates the benefit of the adaptive
measurement selection for the TE parameters estimation. Fig.
12 shows the TE estimation when different thresholds are
used. It can be found that when the threshold is larger than
0.03024, the estimation result is very close to the true value.
With a further increase of the threshold, the estimation results
become more accurate. This justifies the choice of threshold
0.1
∣∣~I∣∣ ∼ 0.2∣∣~I∣∣ in this paper.
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Fig. 11. TE estimation considering AC system dynamics (a) Threshold
function screening; (b) TE reactance estimation.
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Fig. 12. TE estimation considering different thresholds (a) Threshold for
measurement screening; (b) TE reactance estimation.
The HVDC-MC corresponding to the proposed method and
the simulations are shown in Fig. 13 and Fig. 14, respectively.
Compared to the previous case, the HVDC-MC changes with
time since the TE potential changes after the fault. HVDC-
MC is about 940 MW calculated using proposed method
while the simulation result is 970 MW. Note that the power
increase is constricted by VDCOL. The maximum DC currents
are about 2.036 kA and 2.07 kA, respectively. According to
these results, the effectiveness of the proposed method can be
demonstrated.
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Fig. 13. HVDC-MC considering AC system dynamics using proposed
method. (a) Active power of HVDC; (b) Ignition angle and extinction angle;
(c) AC/DC voltage magnitudes; (d) DC current.
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Fig. 14. HVDC-MC considering AC system dynamics from the simulation.
(a) Active power of HVDC; (b) Ignition angle and extinction angle; (c) AC/DC
voltage magnitudes; (d) DC current.
C. Case 3: HVDC-MC Estimation Considering Measurement
Noise/Error
To further show the capability of the proposed method
in dealing with measurement noise/error, a Gaussian noise
with zero-mean and variance of 10−3 is added to the PMU
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measurements. Fig. 15(a) displays the reactance estimation
error under 1000 sets of random noise. Under the worst
scenario, that is 1.50% estimation error, the impedance is
0.2254 p.u.. Using this impedance, HVDC-MCs calculated
with and without noise are shown in Fig. 15(b). It can be
concluded that the measurement noise has limited influence
on HVDC-MC estimation.
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Fig. 15. Estimation error considering measurement noise. (a) Reactance
estimation error (b) HVDC-MC estimation with and without noise.
D. Case 4: Multi-DC Coordinated Control Based on HVDC-
MC Estimation
In the case of cascading scenarios, the benefit of the pro-
posed method for multi-DC coordinated control is analyzed. It
should be noted that multi-infeed DC is a typical application
scenario of the proposed method as the practical systems may
have multi-HVDC [4]. The available capacity of each HVDC
will be identified separately and this allows us to allocate the
required control power appropriately. Here, the HVDC model
is based on the ABB actual control system and the DC current
of VDCOL is unlimited when the DC voltage on both sides
is higher than 0.8p.u.. It is assumed that line 14-15 and line
13-14 are tripped at 0.2 s and 0.24 s, respectively. In addition,
at 0.4 s, both DC-1 and DC-3 have commutation failure with
a duration of 200 ms. After that, DC-2 is blocked at 0.5 s.
The reactive power compensation of DC-2 is cut off at 0.7 s.
Using the proposed method, the TE impedance of DC-1 and
DC-3 are estimated to be 0.3266 p.u. and 0.2464 p.u. at 0.6 s,
respectively. Fig. 16 (a) and (b) display the magnitudes of two
DC real-time TE potentials and the HVDC-MC, respectively.
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Fig. 16. HVDC-MC for multi-DC coordinated control. (a) the real-time TE
potential magnitude; (b) HVDC-MC for DC-1 and DC-3.
At 0.6 s, the HVDC-MCs of DC-1 and DC-3 are 810 MW
and 856 MW , respectively. The constraints are the low AC
voltage of the receiving bus of DC-1 and the sending bus of
DC-3. Based on the initial operational values, the DC power
margins that can be used for emergency support are 210 MW
and 356 MW while the power shortage is 400 MW . To
balance the generation and power, the power of DC-1 and
DC-3 should be increased to 727 MW and 773 MW with
the same remaining margin of 83 MW , respectively. In the
follow-up process, real-time monitoring of HVDC-MC is also
needed for control adjustment. As shown in Fig. 16, at 0.7 s,
the reactive power compensation of DC-2 is removed, and the
TE potential of the system decreases, resulting in the decrease
of HVDC-MC.
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Fig. 17. Frequency response with and without the proposed control.
Assuming the prime mover has respectively an upper limit
of 1.1 times and 1.05 times rated mechanical power PM , the
frequency response curves of the system are displayed in Fig.
17. Each case is analyzed according to the operating standard
of instantaneous frequency not exceeding ±0.5Hz and steady
frequency not exceeding ±0.2 Hz [30]. Note that the off-line
planning strategy table does not have the cascading failure
countermeasures for this complicated scenario. Consequently,
the instantaneous frequency exceeded −0.5 Hz in the absence
of HVDC emergency control measures. Meanwhile, when
the upper limit is 1.05 times PM , the steady-state frequency
exceeds −0.2 Hz. The steady-state frequency deviation de-
creases when the upper limit is 1.1 times PM . However,
due to the slow response speed of the prime mover, there
is little effect on the lowest frequency. Note that the off-
line planning strategy is generally not implemented because
enforcing a mismatched off-line strategy can cause other risks.
If the frequency is out of the range, the local low-frequency
load shedding may be triggered. With the proposed method,
the estimated HVDC-MC can be effectively leveraged for
emergency control, avoiding the load loss.
Remark: with the HVDC control, the largest instantaneous
over frequency deviation reaches 0.3 Hz. Although it does not
exceed the instantaneous frequency limitation, there is still
room for improvement. For example, real-time monitoring of
system frequency and adaptive power regulation can reduce the
issue of excessive frequency. However, these need to be done
based on the real-time HVDC-MC and the proposed method
can help.
VI. CONCLUSION AND FUTURE WORK
In this paper, a synchrophasor-measurement-based method
is developed to assess the maximum power capability the
HVDC can instantly provide subject to large disturbances.
Unlike the off-line oriented method, our proposed approach
uses the online synchrophasor measurements and leads to
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the online monitoring of HVDC-MC. The key idea is to
develop an adaptive current measurements selection strategy
to enhance the observability of TE parameters. The estimated
TE parameters are used together with the VDCOL and AC
voltage limitations for HVDC-MC estimation while respecting
all regulation characteristics. Numerical results demonstrate
that the proposed approach can accurately estimate HVDC-
MC and assist multi-DC coordinated control. Our future work
will be on testing the developed method using field PMU
measurements and actual power systems.
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